The interaction of seawater with basalts in DSDP Hole 501 and the upper part of Hole 504B (Costa Rica Rift) produced oxidative alteration and a zonation of clay minerals along cracks. From rock edges to interiors in many cracks the following succession occurs, based on microscopic observations and microprobe analysis: iron hydroxides (red), "protoceladonite" (green), iddingsite (orange), and saponite (yellow). Clay minerals replace olivines and fill vesicles and cracks. Other secondary minerals are phillipsite, aragonite, and unidentified carbonates. Some glass is transformed to Mg-rich palagonite. Bulk rock chemistry is related to the composition of the secondary minerals.
INTRODUCTION
Sites 501 and 504 are located 500 meters apart, near 1°13.6'N, 83°44.0'W in 5.9 m.y. old crust of the southern flank of the Costa Rica Rift, about 200 km south of the spreading center. At Site 501, a hole 73 meters deep was drilled into a basement with a heat flow of 204 mW m-2 . The temperature at the sediment/basement interface was extrapolated to be 59°C. At Site 504, two holes reached the basement, which was under 274 meters of pelagic sediments. In Hole 504A basalt was drilled for 12 meters. In Hole 504B, 214 meters of basalt were drilled during Leg 69, and the hole was further drilled during Leg 70 to a depth of 548 meters. Heat flow at Site 504 is about 196 mW m~2, and the temperature at the sediment/basement interface is 56°C.
Massive flows, pillow units, and breccia zones were recovered from the three holes (Fig. 1) . The rocks were either sparsely phyric or carried significant abundances of two phenocryst assemblages: (1) Plagioclase, olivine, and chromian spinel or (2) Plagioclase, clinopyroxene, and olivine, with phenocrysts listed in decreasing order of abundance (Natland et al., this volume) .
Two types of alteration were encountered in the basalt cores recovered from Sites 501 and 504. In Holes 501 and 504A, as well as in the upper part of Hole 504B (down to Core 39), alteration probably took place at relatively low temperature in oxidizing conditions, as evidenced by the frequency of red zones in hand specimen and the presence of iron-oxyhydroxides. The other alter-ation products, essentially various trioctahedral smectites, phillipsite, and aragonite, are also characteristic of the submarine weathering of oceanic basalts. The basalts from the lower portion of Hole 504B, on the other hand, exhibit rare green color zonation and contain abundant pyrite along with a mineral paragenesis that indicates hydrothermal alteration in suboxic to reducing conditions. This chapter deals with the preliminary results of our study of the oxidizing alteration of basalts from Sites 501 and 504 at relatively low temperature. Another chapter (Honnorez et al., this volume) discusses the effects of nonoxidizing to reducing hydrothermal alteration on the basalts from the lower portion of Hole 504B.
METHODS
Samples were selected for their alteration patterns in hand specimens from the glassy margins of pillow lavas and the vicinity of veins. Ninety-seven samples (Table 1) were studied by the methods following.
Fifty-eight samples were impregnated with epoxy before being thin sectioned (Crovisier, 1979) in order to preserve the secondary minerals (clays and zeolites).
Microprobe analyses were made on 29 thin sections using the CAMEBAX electron microprobe (Laboratoire de Chimie Minérale, Université de Nancy, Nancy, France). The analyses were made under the following conditions: operating voltage, 15 kV; probe current, 10 nA; count time, 6 s for each of four groups of three elements (MnNa-K, Fe-Mg-Ca, Ni-Al-Ti, and Zn-Si-Cr) and 24 s for the background; beam diameter, 1 to 3 µm, defocused to 5 µm for zeolites.
The chemical analysis of 40 bulk rock samples was carried out at the Petrographisches Institut der Universitat Karlsruhe, Karlsruhe, Federal Republic of Germany. A Phillips 240 X-ray fluorescence spectrometer was used to identify 10 major elements, gravimetric methods were used to identify 6 trace elements, and titration methods were used to identify CO 2 and H 2 O.
X-ray diffraction (XRD) obtained with a Siemens X-ray diffractometer (Laboratoire de Cristallographie, Minéralogie et Pétrogra-phie, Université Louis Pasteur, Strasbourg, France) was used to analyze 36 samples of isolated minerals. Test conditions were as follows: Ni-filtered monochromatic Cu-Kα radiation, 30 kV/20 mA; goniometer speed, lVmin.; paper speed, 1 cm/min.
SECONDARY MINERAL IDENTIFICATION
The secondary minerals found in the altered basalts from Holes 501 and 504A and the upper part of Hole 504B (which are limited in diversity compared with the secondary minerals in the lower part of Hole 504B [Honnorez et al., this volume] ) fill vesicles and cracks and replace crystals of olivine and, more rarely, Plagioclase. Pyroxene crystals are always unaltered. Plagioclase crystals are generally fresh except near large veins or in breccias. Fresh olivine relicts are found only in the upper 50 meters of Holes 501 and 504B. The distribution of secondary minerals other than clay minerals is shown in Figure 1 .
Clay Minerals
Clay minerals were observed in hand specimen and under the microscope, and, primarily on the basis of color in thin section, five types were distinguished (Table 2): dark green, yellow, gray, red, and green. The dark green and gray clays are found only in certain environments-dark green in large veins and breccia matrix and gray in olivine crystals. Clays of the other colors are almost equally distributed among the olivines, veins, and vesicles.
The X-ray diffraction diagrams of the dark green, yellow, and gray clays are characteristic of trioctahedral smectites (d(060) > 1.529 Å [ Table 3] ). The green clay shows a peak in d(06ö) between 1.510 and 1.520 Å.
The clay minerals were analyzed by electron microprobe (Tables 4 and 5 ). Three sets of the clay minerals distinguished by microscopic observations also had different chemical compositions (Figs. 2 and 3) . The yellow clays were rich in MgO (> 15%), poor in FeO (< 19%), and low in K 2 O content (<1.5%). The red clays were poor in MgO (< 20%), rich in FeO (> 20%), and low in K 2 O content (< 1.5%). The green clays were very poor in MgO (< 12%), rich in FeO (>20%), and high in K 2 O content (>2%).
We were unable to analyze the dark green clay minerals; they were destroyed by the microprobe. Cationic contents were calculated on the basis of 20 oxygens and 4 hydroxyls (a total of 44 cationic charges per formula unit). The octahedral cation sum (Al vi + Fe + Mn + Mg) is between 5.85 and 6.31 for the yellow clays (except in two samples) and between 4.75 and 5.76 for the green clays. The potassium cation content and the octahedral cation sum of both clays are inversely proportional and have a good linear correlation (Fig. 4) . The yellow clay minerals appear to be saponites. By analogy with other DSDP samples (Andrews, 1980; Humphris, Thompson, et al., 1980; Mevel, 1980) , the green clay minerals can be considered to be celadonite, the K-Fe rich mica. However, the 10-Å peak characteristic of mica was not detected by XRD. Therefore, in accordance with Donnelly et al. (1980) , we shall called this green phyllosilicate protoceladonite. The octahedral cation sum of the red clay is greater than 6.5, and so we assume that it is probably a mixture of saponite and iron hydroxides, that is, an iddingsite.
In addition to filling vesicles and cracks, the clay minerals replace olivine. This replacement entails changes from the primary phase chemical composition of the olivine. We estimated these changes for the transformation of olivine into saponite and protoceladonite by using known densities and assuming constant-volume transformations (Andrews, 1980) . Olivine (Cao. O iMn o 01 Fe 0 2 7 Mg1.75Sio.9sO4) from Sample 504B-4-7, 2-7 cm was chosen as the precursor. The most significant changes, besides the addition of H 2 O, were as follows:
• Olivine -saponite-addition of Al, Ca, Na, and K; release of Fe, Mn, and Mg; and small variations in Si and Ti in both directions.
• Olivine -protoceladonite-addition of Ti, Al, Fe, Ca, Na, and K; release of Mn and Mg; and small variations of Si in both directions.
Zeolites
Contrary to the lower part of Hole 504B, the upper part of Hole 504B and Holes 501 and 504A contain only one zeolite-phillipsite. Phillipsite is a major constituent of both the veins in the glassy margins and (with dark green clay minerals) of the breccia matrix. Phillipsite is also associated with yellow clay minerals in a vein within a pillow core (Sample 504B-24-1, 64-67 cm).
Microprobe analysis shows an increase of the Ca content of phillipsite with increasing sample depth ( Table  6 ). The Si/Al ratio decreases but remains within the field of the deep sea phillipsites (Sheppard et al., 1970) . (Böhlke et al., 1980; Pritchard et al., 1979) and the Ca-rich Leg 51, 52, and 53 phillipsites (Donnelly et al., 1980) . 
Carbonates
Carbonates replace olivine and fill cracks. The carbonates that fill cracks are generally fibrous and were identified as aragonite by X-ray diffraction. Magnesian calcite (9 mole °7o MgCO 3 ) was found associated with aragonite in Sample 504B-9-1, 38-42 cm. Aragonites from two veins were analyzed by microprobe ( Table 7) . The cell parameters of aragonite, which were calculated from X-ray diffraction data, vary slightly with depth: there is a slight decrease in the a and c parameters and a slight increase in the b parameter. The calcium carbonate that replaces the olivine crystals has not yet been identified.
Anhydrite
An alteration product in an olivine phenocryst (Sample 504B-18-2, 101-105 cm) that was tentatively identified as anhydrite was analyzed by electron microprobe, but the identification was not confirmed by X-ray diffraction or by the analysis of the thin section under the microscope (Table 8) . Its occurrence was confirmed by XRD and optics for several samples from the lower part of Hole 504B, however (Honnorez et al., this volume) .
ALTERATION OF GLASSY MARGINS
Fresh glass is generally well preserved in the margins of the pillow lavas in the Leg 69 rocks. The width of the altered zone along cracks (100 µm) is similar to that in the pillow lavas of Legs 37 and 45, which are approximately the same age. The altered glass (so-called palagonite) is not obvious in hand specimen. In thin section, palagonite appears yellow green, granular, and has very low birefringence. Two samples were analyzed by electron microprobe (Table 9 and Fig. 7 ). Palagonite has a lower content than fresh glass of SiO 2 , TiO 2 , A1 2 O 3 , CaO, and Na 2 O but a higher content of FeO, MgO, and K 2 O. The K 2 O content is lower and the MgO content is higher than in palagonites from Legs 37 or 45 to 46 (Noack, 1979) . The differences in the chemical composition of the palagonites probably result from temperature differences during alteration. In the basalts recovered during Legs 37 and 45 to 46, the temperature of alteration was that of the bottom water. During Leg 69, the measured temperature was above 60 °C (CRRUST, 1982) . Seyfried and Bischoff (1979) have shown that near 70 °C the direction of Mg and K migrations reverses.
BULK ROCK ALTERATION
In hand specimens, the basalts show color zonation along cracks. Two types of zonation, with the following color sequences, can be distinguished as one moves from the crack to the interior of the sample (Fig. 8) : Type A (zones of dark gray, orange, and light gray); and Type B (zones of red, dark gray, and light gray).
In Type A alteration, the width of the dark gray zone and the orange zone each ranges from 0.5 to 2 cm. The light gray zone is the innermost zone in both Type A and B alteration and borders fresh basalt. The boundaries between the different zones are very sharp, sometimes cutting across single olivine crystal or a vesicle. The color of each zone is the consequence of the replacement of olivine and the filling in of pores by secondary minerals. Examinations of thin sections show that zone color is related to the nature of the replacing clay minerals, as follows:
• The light gray zone is made up of yellow and gray clay minerals. The clays are lamellar in olivine but granular in vesicles. Fresh olivine relicts sometimes occur.
• The orange zone is made up of yellow and red clay minerals. Iddingsite follows saponite as one proceeds from the core to the rim of vesicles.
• The dark gray zone is made up of green clay minerals. In vesicles, protoceladonite follows saponite or iddingsite as one proceeds from core to rim.
• The red zone is made up of iron hydroxides.
BULK ROCK CHEMISTRY AND RELATION TO SECONDARY MINERAL CHEMISTRY
Thirty-six samples from Hole 504B were analyzed for bulk rock chemistry (Table 10 ). There appears to be little chemical variation due to magmatic processes with depth except in five analyses (Samples 504B Böhlke et al., 1980) (Table 11 ). Whereas the resulting rather good relations between TiO 2 , Fe 2 O 3 , H 2 O, Sr, and Ox are typical of altered basalts, the relations between Na 2 O and H 2 O and Sr are unexpected. To determine whether these unexpected relations were the result of passive accumulation, all the analyses were re- calculated with a constant TiO 2 value that represented the average of 15 fresh glass analyses from this part of the hole (Natland et al., this volume) and the analyses were compared to those of fresh glasses. SiO 2 , A1 2 O 3 , total iron, MgO, and CaO show gains and losses in a range of ±20%. Some of these fluctuations result from different proportions of phenocrysts, chiefly Plagioclase. Na 2 O gains are between 8 and 45%. The K 2 gains are very important (to 2800%), but the K 2 O content of fresh glass is very low (0.02%). The gains in Na 2 O and K 2 O are probably a consequence of the formation of protoceladonite and phillipsite, since they exceed that which might be caused by different proportions of phenocrysts.
Chemical differences between different color zones in a given sample are very small: SiO 2 , A1 2 O 3 , and CaO are nearly constant, there is little decrease in MgO, and there are increases in total iron, K 2 O, and the oxidation coefficient from the inner gray zone to the outer green zone. These observations are in agreement with the relationship between the K 2 O content and total iron/MgO ratio in bulk rock and in the secondary minerals of the same sample (Fig. 9 ). The increase in the total iron/MgO ratio in both the clay minerals and the bulk rock results from the replacement of saponite by iron-rich phases such as iddingsite and protoceladonite; the positive relation between the secondary minerals and bulk rock K 2 O contents can be related to the formation of protoceladonite.
More work is required to confirm our inferences based on this preliminary chemical correlation factor analysis.
DISCUSSION OF RESULTS
The alteration described in this chapter is similar to the alteration that has been found in the oceanic basalts recovered during other legs of the Glomar Challenger. This type of alteration, which been called submarine diagenesis, weathering, or low temperature alteration, usually takes place at temperatures ranging from bottom water temperature to a few degrees Celsius. At Sites 501 and 504 (excluding the lower part of Hole 504B), the temperature appears to have been higher than 50 °C during the basalt/seawater reactions, which is sure to have affected the chemistry of the alteration. For this reason it might seem appropriate to differentiate between low temperature alteration and the alteration that took place at Sites 501 and 504, even though the authigenic mineral parageneses that result from alteration at 0 and 50 °C are very similar. However, it is difficult to base a definition of submarine weathering on temperature, because the alteration minerals characteristic of this alterationphillipsite, calcite, smectite, celadonite, and Fe-Mn hydroxides-crystallize under a very wide range of temperatures. Furthermore, we know that the authigenic mineral paragenesis observed in altered basalts from Sites 501 and 504 does not include any of the unequivocally metamorphic minerals, such as laumontite, wairakite, chlorite, or yugawaralite, which form at temperatures near or higher than 150°C.
In the discussion following we will compare our preliminary mineralogical and geochemical data with the published results of similar studies made on altered basalts during DSDP Legs 34 and 37. Bass (1976) explained the color zonation and related alteration mineral distribution in 40 m.y. old altered basalts from Leg 34 (Site 321) as the result of three low temperature alteration stages: 1) "preburial oxidative alteration," which is characterized by the replacement of glass by palagonite and the earthy Fe-oxides after olivine in the pillow rims;
2) "postburial nonoxidative diagenesis," in which saponite replaces olivine and fills cracks (in association with Mg-calcite and aragonite); and 3) "postburial oxidative diagenesis," which is characterized by the appearance of independent ferric phases. According to Bass, "the only phyllosilicate that seems to have formed under oxidative conditions is celadonite" (p. 430). He also says that "the advent of oxidative diagenetic conditions is marked by sharp, diffusioncontrolled fronts separating the gray, nonoxidatively altered rocks from red or brown, oxidatively altered ones" (p. 394). Seyfried et al. (1978) described the transition between nonoxidative and oxidative diagenesis for the same hole. They noted that saponite, which had crystallized during nonoxidative alteration, was bleached of color and that ferrous iron, which had been leached from the basalt, was oxidized and formed iron-oxy-hydroxide floccules in veins and olivine pseudomorphs. They pointed out that "these floccules could then act as precursors for celadonite nucleation" (p. 270) and that when adequate amounts of Mg 2+ , K + , and SiO 2 ( aq ) were available, celadonite could precipitate. Further, they stated that "celadonite precipitation depleted the diagenetic fluid in K+, Mg 2+ or H 4 SiO 4 at a greater rate than that at which these components could be supplied from seawater and/or basalt, causing iron oxides to precipitate during later stages of infilling" (p. 270). They also noted that "silicate-hydrolysis and oxidation reactions produce a pH which is... slightly alkaline" (p. 274) since, during saponite formation, an alkaline pH is present.
During Leg 37, oceanic crust ranging in age from 3.5 to 13 m.y. was drilled at four locations (Sites 332 to 335) on a transect along the west flank of the Mid-Atlantic Ridge. Hole 332B, which is near the FAMOUS area, provided a section of 3.5 m.y. old oceanic crust 582.5 meters long. Andrews (1980) considered the circulation of a small pulse of sea water through the rocks under oxidizing conditions, using the theory of infiltration metasomatism (Hoffman, 1972) to explain the sharp boundaries between the different zones. Andrews suggested that the seawater reacts with the first segment of fresh rock to form iron-oxides. Beyond this point, the water, somewhat reduced, reacts with basalt again, and celadonite crystallizes. Further reduced, the solution reacts with the inner parts of the rock to form saponite. Saponite continues to form until the fluid reaches an equilibrium with the basalt. A steady state process is established by the continued circulation of seawater, and the various zones advance simultaneously toward the rock interior. The following sequence of alteration minerals is generated, from the cracks inward and in the order of appearance: Fe-oxides (geothite or hematite), celadonite, saponite, and various carbonates. This process of oxidative alteration is the most widespread and important alteration process in the Leg 37 basalts. It occurred during and possibly immediately after the rapid cooling of the lavas by cold bottom water.
In summary, Bass (1976) , Seyfried et al. (1978) , and Andrews (1980) , who observed a similar distribution of secondary minerals in altered pillow basalt in Site 321 and Hole 332B, disagreed on the sequence of the alteration stages.
In the Leg 69 cores no completely fresh basalts (basalts lacking any alteration minerals) were recognized. Samples drilled in young crust on both sides of the Galapagos Rift during Legs 54 and 70 (Humphris, Melson, et al., 1980; Honnorez et al., 1981) exhibit fillings of mixed Fe-nontronite/celadonite with amorphous Fe-oxides in dark halos around apparently fresh cores. Other samples showing this mineral sequence have been collected from the Mid-Atlantic Ridge rift valley in the FAMOUS area and dredged off the Vema Fracture Zone (Honnorez, unpublished data). Hence, one must be extremely careful when attempting to ascribe chemical parameters to given alteration stages on the basis of the presence of certain authigenic minerals in one's own rock samples or the samples of others. Assuming that the various alteration products have been properly identified, one should consider not only mineral assemblages (as opposed to single clay minerals) but also be open to the possibility of the recurrent precipitation of a given authigenic mineral during successive alteration stages.
In the case of the altered basalts from Leg 69, Hole 504B, the two types of color zonation can be tentatively interpreted as resulting from two stages of a single low temperature alteration process. Type A (dark gray/orange/light gray) was followed by Type B (red/dark gray/ light gray). The order of these stages is the same as that for the last two stages described by Bass (1976) for Leg 34, Site 321 but the reverse of the order suggested by Andrews (1980) for Leg 37, Hole 332B.
During the first stage, a relatively suboxic environment would have prevailed, and saponite would have replaced olivine phenocrysts and filled interstitial voids. As a consequence, yellow zones appeared along cracks and extended inward into fresh basalt rocks (Fig. 10A) . Later, during a more oxidizing stage, small red spots of iron hydroxides appeared in saponite, which lost Si, Al, and Mg (Fig. 10B) . When Fe, Si, K, and Siθ 2(a q) were sufficiently abundant in the interstitial fluid, celadonite precipitated (Fig. IOC) . Finally, the final stage of Seyfried et al. (1978) was reached, and a zone of iron oxides formed (Fig. 10D) . the oxidative phase, celadonite and iron hydroxide were formed. There are no visible variations with depth and temperature.
CONCLUSIONS
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